We study the energy-and angular-dependence of bulk and surface plasmon losses in low-and intermediateenergy region (< 1000 eV), and investigate the applicability of the quantum Landau formula which can explain overall plasmon loss features accompanied by core level photoemission. As an example, we calculate the Al 2s photoemission in the photoelectron kinetic energy range from 60 to 1000 eV measured at normal to the surface and at small take-off angles (10 • and 30 • ). For the normal emission the quantum Landau formula gives quite similar results to those without the high-enegy approximation even at 60 eV. On the other hand we observe the considerably large difference at the grazing angle emission (10 • ). Even at 30
I. INTRODUCTION
Typical core-level X-ray photoemission spectra (XPS) have plasmon loss bands in addition to a main sharp band. The plasmon excitation processes by the core-hole potential are called intrinsic, which are contained in the oneelectron spectral function [1] . Inelastic plasmon losses during photoelectron transport to the surface are called extrinsic. In the one-step model of the photoemission, we can expect the quantum mechanical interference between these two loss processes [2] [3] [4] [5] [6] [7] . Recent experimental results for the plasmon losses demonstrate the importance of the quantum interference [7, 8] . On the other hand the three step model has been widely used for practical purposes [9, 10] . The photoemission is described as threestep process: (1) photo excitation, (2) transport to the surface, and (3) passage through the surface. In steps (2) and (3) the photoelectron could be scattered and lose its energy. These semi-classical approaches require much less computational cost.
In order to compare the quantum one-step calculations with the semi-classical ones, quantum Landau formula originally derived by Hedin et al. [6, 11] plays a key role, where elastic scatterings before and after the losses are completely neglected. So far Shinotsuka et al. have applied the quantum Landau formula to the plasmon loss spectra from Al 2p in a Al metal, and have investigated the relative importance of the interference [13] . Although the interference term should drop out as a function of the photoelectron energy, this term decays very slowly and is still important even at 5 keV. Later Fujikawa et al. have derived a quantum Landau formula which fully takes multiple elastic scatterings into account [12] : This formula is obtained by use of the approximations which work so well in the high-energy region.
It is thus important to study the applicability of the quantum Landau formula in the low-energy region. Landau formula is also derived in the classical trajectory approximation. If the quantum Landau formula is not applicable, we expect that the classical trajectory approach should be far from the practical application. Furthermore multi-plasmon losses can be described without introducing additional loss functions. We expect that the difference of plasmon loss features calculated by the direct (see Eq. (3)) and the quantum Landau approaches (see Eq. (9)) can be pronounced in those energy region. At first stage, we investigate the importance of path deviation due to inelastic scatterings within the approximate framework where no elastic scattering is considered.
II. THEORY
Main XPS band (no-loss band) measuring photoelectrons with momentum p excited by X-ray photons with energy ω is described in terms of the damping photoelectron wave function ψ − p under the influence of the optical potential, the intrinsic no-loss amplitude S 0 (≈ 1) and the electron-photon interaction operator ∆
The ground state energies with and without the core hole on ϕ c are E − p |∆|ϕ c ⟩ can be calculated by use of site-T-matrix expansion. We rather neglect elastic scatterings from surrounding atoms and have a simple relation
The wave function ⟨ϕ − Ap | describes the photoelectron propagation emitted from a site A without suffering elastic scatterings from surrounding atoms [12] .
In contrast to the no-loss band, the interference between the intrinsic and extrinsic losses is important for the loss band. The single-loss XPS intensity with loss energy ω m is given by
where v m is the fluctuation potential associated with 0 * → m * excitation, g is the damping one-electron Green's function which describes the photoelectron propagation inside the solids. The intrinsic loss amplitude S m is now given by S m = ⟨m * |b|0⟩ in terms of the annihilation operator b relating to the core state ϕ c . Equation (3) is obtained by use of Keldysh Green's function approach [14, 15] . Very similar but slightly different formula can be obtained by use of many-body scattering theory [3, 6] . The first term in the absolute value in Eq. (3), τ in describes the intrinsic loss and the second τ ex the extrinsic loss amplitude. The fluctuation potential v m can be specified by the wave vector parallel to the surface q = (q x , q y , 0)
By use of Eq. (3), we thus obtain [12] 
where Γ is the imaginary part of the optical potential. We also used 
In the high-energy region (ε p ≫ ω m ), the difference between Q ′ and p, and also that between M LLc and M
′ LLc
are small enough so that we have a simplified approximate formulâ 1 (see Eq. (9)).
To recover the lowest sum I(p) 0 +Î(p) 1 and also satisfy the normalization condition, the overall photoemission profile is written by the exponential form called Landau formula [6, 12] . The difference between I(p) 1 [16] . Figure 1 shows the calculated photoemission plasmon loss bands from Al 2s level measured at small take-off angle 10
III. RESULTS AND DISCUSSION
• for different kinetic energies in the range 60-1000 eV at main no-loss bands. The surface plasmon loss intensities are stronger than those of bulk plasmon losses because the photoelectrons traveling only near the surface region are detected at this small take-off angle.
The comparison between the calculated results by use of I(p, ω)
1 andÎ(p, ω) 1 shows that the quantum Landau formula cannot be used at these low energy region (ε p ≤ 500 eV). Even at 1000 eV, prominent difference is still observed but the bulk/surface loss intensity ratio is nearly the same. Figure 2 shows the similar loss bands to those shown in Fig. 1 : Here we detect the normal photoemission intensities. In contrast to the results shown in Fig. 1 , the surface plasmon loss intensities are much smaller than the corresponding bulk plasmon loss intensities in particular high-energy excitation. In this setup the photoelectrons suffer bulk plasmon losses before they come out of the surface because they mainly travel through bulk region. In this mode the quantum Landau formulaÎ(p, ω) 1 gives quite similar loss bands to I(p, ω) 1 . In the small take-off angle (10 • ) mode the intrinsic photoemission amplitude τ in (p) has quite a small contribution because p is nearly normal to the X-ray polarization. The extrinsic excitation amplitude τ ex (p), however, can have appreciable contribution when Q ′ is nearly parallel to the X-ray polarization (see Eq. (6)); Q ′ is quite different from p in this case. In the low energy region, largeangle inelastic scatterings can take place, whereas smallangle losses are only allowed in the high-energy region. We thus observe the large difference betweenÎ(p, ω) 1 and 
I(p, ω)
1 in this grazing emission mode. On the other hand, in the normal emission where the X-ray polarization is also normal to the surface as shown in Fig. 2 , we expect important contribution only when Q ′ ≈ p. We thus observe the small difference. Figure 3 shows the same ones except the take-off angle; in this case it is 30
• . The surface sensitivity is low compared with the grazing emission (10 • ) so that the surface plasmon loss intensities are comparable with the bulk plasmon loss intensities in the energy range, ε p ≤ 500 eV. For rather high-energy photoemission the bulk loss intensity is much stronger than that for the surface loss. In this setup bothÎ(p, ω) 1 and I(p, ω) 1 yield nearly the same loss shapes. In low energy region ε p ≤ 100 eV, the small difference is still observed but they agree well above 250 eV.
IV. CONCLUSION
We theoretically study the plasmon loss features in lowand intermediate-energy region (60-1000 eV) for three different detection modes; 10, 30, 90
• measured from the surface. Except for the nearly forbidden direction (10 • ), http://www.sssj.org/ejssnt (J-Stage: http://www.jstage.jst.go.jp/browse/ejssnt/)the one-plasmon loss functions obtained from the quantum Landau formula works so well even at rather low energy; 60 eV for 90
• , and 250 eV for 30
• . In this work we have neglected the elastic scatterings of the photoelectrons from surrounding atoms. Very recently Kazama et al. have succeeded in calculating the plasmon loss bands incorporating elastic scatterings in the framework of the quantum Landau formula [17] : The elastic scatterings play some important roles. In the forthcoming work we are going to discuss this problem.
